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ABSTRACT 
This paper presents the results of an experimental and theoretical investigation on the Pietratagliata 
cable-stayed bridge (Udine, Italy). Ambient vibration tests were performed in order to estimate the 
dynamic characteristics of the lower vibration modes of the bridge. Structural identification is carried 
out by means of a manual tuning procedure based on finite element models of increasingly accuracy. 
The analysis allows to improve the description of boundary conditions and mechanical interaction 
between the bridge components. Results from local dynamic testing were used to estimate the traction 
on the cables and to assess the integrity of the suspending system of the bridge. 
Keywords: Ambient vibration tests, cable-stayed bridge, structural identification, finite element 
modelling 
1. INTRODUCTION 
Among the tools available today for structural investigation, dynamic techniques play an important 
role from several points of view. Particularly, by measuring the structural response, they allow to 
identify the main parameters governing the dynamic behavior of a bridge, i.e., natural frequencies, 
mode shapes and damping factors. This information is usually obtained by means of ambient vibration 
tests (AVT) using operational modal analysis (OMA). AVT and OMA are considered ideal tools to 
study full-scale bridges. Ambient measurements do not interfere with the normal service of the 
infrastructure, and can be easily repeated; moreover, a great advantage is that ambient excitation has 
generally multiple-input nature and wide band frequency content. Furthermore, AVT are particularly 
suitable for flexible systems [1], such as suspension or cable-stayed bridges [2], since the most 
significant modes of vibration in the low range of frequencies are excited with sufficient energy by 
the environmental actions, and a large number of normal modes can be identified from ambient 
vibration survey of these bridges. This paper presents the results of an experimental and theoretical 
investigation on the Pietratagliata cable-stayed bridge (Udine, Italy) shown in Figure 1. 
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Figure 1. Overview of the Pietratagliata cable-stayed bridge. (a) lateral view; (b) steel tower; (c) plan 
view; (d) typical transversal cross–section; (e) steel bracings and RC pier; (f) stays-tower connection; 
(g) stays-deck connection; (h) stays-RC foundation connection. 
2. DESCRIPTION OF THE BRIDGE 
The bridge consists of a steel-concrete composite deck, three groups steel cables on each side (with 
four elements for each group) and an inclined, 23.3 m high steel tower (Figures 1a-1b). The total 
width of the deck is 11.1 m, corresponding to two traffic lanes and two pedestrian walkways, while 
the suspended span is 67.0 m long, (Figure 1c). The deck structure, obtained by means of Predalles 
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concrete panels and a reinforced concrete (RC) slab with 0.25 m nominal thickness, is supported by 
two main steel I-girders with total height of 1.27 m. These main girders are then bolted to 1.20 m high 
transverse steel I-girders (Figure 1d). A further small beam (HEB500 type), positioned along the mid-
span longitudinal axis of the deck, ensures an appropriate support to the Predalles panels. The 
interaction between the RC slab and the longitudinal steel girders is then guaranteed by =20mm and 
200mm high welded steel connectors. The bridge deck is supported on a RC pier (National Route n.13 
side, Figure 1e) and on a cast-in-place RC foundation block (Pietratagliata side). The RC pier has a 
total height of 12m and is characterized by a square hollow cross-sectional base (3m the edge size and 
0.4m the nominal thickness). On the pier side, two unidirectional bearing supports are used to sustain 
the deck girders, while spherical hinges are realized on the Pietratagliata side. Spherical hinges able to 
allow rotations around the axis perpendicular to the deck longitudinal axis are also used at the base of 
the steel pylon. The Dywidag steel bars (Gewi St555/700 type) composing the groups of stays have 
63.5mm nominal diameter and total length comprised between 49m and 20.5m (Figure 1a). The 
connections between each stay and the deck, the steel pylon and the RC foundation block respectively 
consist of special steel devices and supports (Figures 1f, 1g, 1h). 
3. DYNAMIC EXPERIMENTAL INVESTIGATION 
3.1. Preliminary FE numerical study 
A preliminary 3D FE model of the bridge was created using the SAP2000 computer program (version 
9.1) [3]. The M01-A FE model (Figure 2) was determined by taking into account nominal dimensions 
and material properties derived from design technical reports and drawings, as well as experimental 
tests on material samples. 
3.1.1. Geometry, assembly and boundary conditions 
The main assumptions of the M01-A FE model were taken as follows: 
 the RC deck was modelled using 4-node shell elements, with 6 DOFs at each node. The effect 
of steel reinforcement and cracking of the RC slab was neglected; 
 the longitudinal and transverse girders were modelled by means of 3D frame elements; 
 vertical rigid links were used to connect the shell elements (RC slab) to the corresponding 
nodes of longitudinal and transverse steel frames. As a result, no relative displacements or 
rotations were allowed between them; 
 the stays were modelled as 3D truss elements hinged at their ends, with equivalent cross-
section representative of a group of 4 cables. Their weight was described in the form of 
lumped masses applied at the truss ends; 
 the system of steel bracing elements placed at the top and bottom side of the deck structure 
was taken into account, according to technical drawings of the bridge (Figure 2b); 
 the RC pier was fully neglected in this modelling phase. 
 
Careful consideration was paid to the description of the boundary conditions for the deck and the steel 
tower. The unidirectional bearing devices at the girders end on the National Route n.13 side were 
described in the form of simply supports, able to allow displacements along the traffic direction and 
rotations around a perpendicular axis. The end conditions for the longitudinal girders on the other side 
were modelled as spherical hinges allowing rotation around the axis perpendicular to the traffic 
direction only. Displacements and rotations at the base of the steel tower pylons were constrained 
similarly. 
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Figure 2. M01-A FE-model (SAP2000); (a) general view; (b) steel beams of the deck. 
3.1.2. Materials 
Both concrete and steel were described in the form of isotropic linearly elastic materials. 
Experimental tests carried out on cylindrical concrete samples provided an average Young's modulus 
for the deck slab equal to Ec= 42GPa. A weight per unit volume c= 25kN/m3 was assumed for the 
concrete. Lumped masses distributed along the deck slab were also used to take into account the 
effects of the asphalt layer and the lateral walkways. The Young's modulus and weight for unit 
volume of steel were assumed to be Es = 206GPa and s= 78.5kN/m3, respectively. The Poisson's ratio 
of concrete and steel was set equal to 0.2 and 0.3, respectively. 
3.1.3. Solving approach and analytical vibration modes 
Modal analysis on this preliminary FE model employed an unloaded configuration of the bridge, 
namely, the eigenpairs were determined by neglecting the overall non-linear behaviour due to the 
geometry change induced by the deformation of the cables under dead loads. Results are shown in 
Figure 3 in the form of natural frequencies f and corresponding mode shapes. The first twelve 
vibration modes include modes dominated by vertical deck oscillation under bending (type “B”, e.g. 
modes 1, 3, 6, 8, 12) or torsional (“T”, e.g. modes 2, 4, 5, 7, 9) vibration. Few modes are associated to 
significant oscillation of the pylons (“P”, e.g. modes 10 and 11). Lower modes are well-separated in 
frequency and resonances range from 1.4Hz to 7.5Hz, approximately. 
3.2. Instrumental layout and test methods 
Dynamic testing was carried out with the aim of identifying the lowest vibration modes of the bridge. 
Tests were performed guaranteeing any possible interference with the normal use of the bridge. 
Consequently, it was not possible to include an additional excitation by making a car crossing the 
bridge, but almost pure ambient vibration testing was adopted to determine the dynamic 
characteristics, with unavoidable additional difficulty in the experimental study. The instrumentation 
chain consisted in a 16-channel data acquisition system connected to a remote PC. Based on the 
indications of the M01-A FE model, two separate setups were used and the 16 instruments were 
located as shown in Figure 4. Time acquisition during tests was equal to 45', corresponding to about 
1600 times the fundamental period of vibration of the bridge. The sampling rate used during 
acquisition was 400 Hz. During post-processing analysis, the signal data were further decimated in 
time by a factor 10, giving a baseband for the analysis ranging till to 20 Hz. 
3.3. Experimental results 
Natural frequencies, damping ratios and mode shape components were estimated by means of the 
Enhanced Frequency Domain Decomposition (EFDD) technique available in the commercial software 
ARTeMIS [4]. As an example, Figure 5 shows the singular values of the spectral matrices of all data 
sets. From Figure 5 it can be seen that, in spite of the light amplitude of the ambient excitation present 
on the bridge, the peaks of the singular values corresponding to the six lower vibration modes are 
clearly emerging above the noise level. Several repeated identifications were carried out separately 
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either on the same dataset or on partial data using different baseband and different sets of data, in 
order to improve the estimation of the detected vibration modes. 
 
 
Figure 3. Analytical vibration modes (M01-A FE-model). B= bending; T= torsional; P= pylon. 
 
Table 1 collects natural frequency values and damping factors, both obtained as the mean value from 
the various power spectral density measurements. Deviations of frequency estimates from the mean 
value always proved marginal, both in absolute and relative terms. Damping ratios were estimated by 
the identification procedure described in [5], namely damping was determined by working on the 
inverse Fourier transform of the fully or SDOF auto-spectral density function. Damping ratios 
resulted less than 1 per cent, with significant deviations from the mean value, especially for Mode 6.  
 
Figure 4. Experimental setups for the dynamic investigations: (a) setup 1; (b) setup 2.  
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In most of the situations encountered during the analysis, the complex character of the identified 
modes was negligible, and all the mode components were well approximated with real values. Six 
vibration modes were completely identified. Detailed representation of the corresponding mode 
shapes restricted to the deck degrees of freedom is shown in Figure 6. 
Table 1. Experimental frequencies and damping ratios. B= bending; T= torsional.  
EMA 
Mode 
order 
Mode type 
 
Frequency Damping 
[Hz] [%] 
1 1st B 1.665 ± 0.001 1.2 ± 0.5 
2 1st T 2.669 ± 0.014 0.6 ± 0.1 
3 2nd B 3.411 ± 0.012 0.7 ± 0.2 
4 2nd T 4.750 ± 0.007 0.4 ± 0.0 
5 3rd B 5.261 ± 0.009 0.7 ± 0.2 
6 3rd T 7.336 ± 0.002 0.9 ± 0.2 
 
Figure 5. Singular value (SV) curves of the spectral density matrix. 
4. EXPERIMENTAL AND ANALYTICAL MODAL CORRELATION 
4.1. Preliminary FE model 
The correlation between experimental (EMA) and analytical (FEA) modes obtained by the M01-A FE 
model of the bridge was determined by visual comparison and Modal Assurance Criterion (MAC, see 
[6]). Although Table 2 and Figure 6 show a fairly good correlation in terms of MAC for the six EMA 
modes, high discrepancies were generally obtained for all the natural frequency values, with 
percentage differences up to 13% for the bending modes and 16% for the torsional modes. Significant 
improvement of the predicted FEA frequencies, despite null or negligible variations in the 
corresponding modal shapes (see, e.g., Figure 3), were obtained by changing the deck boundary 
restraints. The M01-B FE model was thus obtained from the M01-A preliminary model, by assuming: 
 spherical hinges for the deck girders on the National Route n.13 side; 
 clamped ends for the deck girders on the Pietratagliata side. 
As shown in Table 2, modification in the description of the deck restraints typically resulted in 
marked improvement of frequencies estimations, thus suggesting the fundamental role of a proper 
description of the mechanical interaction between the structural components. Although these last 
percentage discrepancies can be considered satisfactory for most practical engineering applications, a 
further attempt to improve the accuracy of FEA predictions was also undergone. 
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Figure 6. Correlation between EMA and FEA (M01-A) modes 
4.2. Refined FE model 
Table 2 proposes a comparison of EMA, M01-A and M01-B results with those obtained from a 
refined FE model (M02) developed in the ABAQUS/Standard numerical code [7]. In this case, careful 
attention was paid for the geometrical description of all the bridge components and the corresponding 
connection details (Figure 7). The so implemented FE model consisted in 4-node shell elements for 
the deck and the steel tower, 8-node solid elements for the RC pier and truss elements for the steel 
cables. All the materials were mechanically characterized as described for the M01 FE model. 
Compared to the preliminary FE model, the high modeling and computational cost of the M02 model 
(≈700,000 DOFs and ≈160,000 elements) resulted in dynamic estimations in close agreement with test 
measurements (Table 2). The primary effect of the M02 FE model was represented by the prediction 
of a first vibration mode – not detected by the preliminary FE model – characterized by torsional 
motion of the deck and large deformation of the steel tower (Figure 7a). The presence of this mode 
was also confirmed by a further interpretation of test measurements (mode ‘EMA 0’ in Table 2). 
The numerical simulations carried out on the M02 FE model highlighted the importance of a refined 
geometrical description of the bridge components. At the same time, however, the progressive 
increase of the modelling complexity and refinement required the solution of a series of additional 
uncertainties and difficulties.  
 
Table 2. Comparison between experimental and analytical results.   EMAFEAEMA fff  100 . 
EMA FEA (M01-A) FEA (M01-B) FEA (M02) 
Mode 
order 
f Mode 
order 
f  MAC Mode
order
f  MAC Mode 
order 
f  MAC
[Hz] [Hz] [%] [%] [Hz] [%] [%] [Hz] [%] [%] 
0 1.619         1 1.599 1.2 98.5 
1 1.665 1 1.452 12.8 99.6 1 1.564 6.1 98.4 2 1.619 2.8 99.5 
2 2.669 2 2.243 16.0 89.3 2 2.403 10.0 89.3 3 2.691 -0.8 97.3 
3 3.411 3 2.958 13.3 97.3 3 3.239 5.0 94.8 5 3.234 5.2 96.0 
4 4.75 7 5.160 -8.6 97.3 5 5.106 -7.5 97.8 7 4.717 0.7 76.3 
5 5.261 6 4.561 13.3 93.4 6 5.414 -2.9 93.8 8 5.295 -0.6 48.4 
6 7.336 9 7.483 -2.0 91.7 11 8.490 -15.7 93.8 13 7.371 -0.5 78.4 
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Figure 7. Refined FE model (M02, ABAQUS/Standard). (a) First mode; (b) Detail of the deck and 
pylon restraints (Pietratagliata side). 
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(c) 
Figure 8. (a) Improper and (b) optimal numerical 
modelling of the stays-pylon connection (M02 FE model). 
Figure 9. Detail of the stays-deck 
connection (M02 FE model). 
 
The improper or partial description of the connection details between the bridge components, 
typically showed in fact the occurrence of higher vibration modes (e.g. in the range 6-9Hz) 
characterized by local distortions, especially near the end restraints of the deck and the steel tower 
(e.g. Figure 7b) or near the stays-pylon and stays-deck connections (e.g. Figures 8 and 9). The 
frequency of the first vibration mode of the bridge, moreover, highlighted a marked sensitivity to the 
deck and pylons base restraints (Figure 7b). The absence of small steel stiffeners at the base of the 
steel tower, for example, resulted in underestimations up to 25% the optimal frequency value (Table 
2). 
5. DYNAMIC ESTIMATION OF THE AXIAL FORCE ON THE CABLES 
A series of ambient vibration measurements were carried out on all cables supporting the deck of the 
bridge with the goal of estimating the axial force acting on the cables. Dynamic tests were carried out 
by collecting the transverse time-history acceleration of each cable on the vertical plane, at 
measurement points located at the thirds of each cable length, approximately. Time series of 1200s 
were recorded during each experiment. 
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Table 3. Dynamic estimation of the axial force on the cables.   groupcablegroup TTT  100 . 
 Tcable Tgroup  
 [kN] [kN] [%] 
Group Cable 1 Cable 2 Cable 3 Cable 4  Cable 1 Cable 2 Cable 3 Cable 4 
1U 379.0 374.3 395.0 397.7 386.5 1.9 3.2 -2.2 -2.9 
1D 387.3 374.2 369.5 389.5 380.1 -1.9 1.6 2.8 -2.5 
2U 529.5 515.4 506.1 567.4 529.6 0.0 2.7 4.4 -7.1 
2D 601.1 618.5 458.7 502.5 545.2 -10.3 -13.4 15.9 7.8 
3U 433.7 471.0 429.3 508.2 460.6 5.8 -2.3 6.8 -10.3 
3D 478.3 445.4 472.4 413.9 452.5 -5.7 1.6 -4.4 8.5 
 
The first six cable frequencies were identified by computing the auto–spectrum of the acquired 
acceleration signals. Each cable was then modelled as an Euler–Bernoulli straight beam, having 
uniform mass density and bending stiffness, with pinned–pinned boundary conditions and subjected to 
an unknown positive axial force. Based on the measured natural frequencies of each cable and on the 
corresponding inertial properties, the axial force was thus uniquely determined by solving the 
eigenvalue problem of a pinned-pinned beam under small, undamped, in-plane bending free 
vibrations. In particular, recourse to a variational method based on measurements of the first natural 
frequencies has been done. The idea is to look for optimum value of axial force, so as to find the 
minimum of an error function defined by the differences between the theoretical and measured 
frequency values.  
In Table 3, the average values of axial force Tcable on each of the four cables composing the groups 1, 
2 and 3, on the upstream (U) and downstream (D) side (see also Figure 1), are summarized. It is worth 
noticing that the calculated values resulted rather stable with respect to the cable modes used in the 
identification problem. A good global symmetry of the cable system supporting the deck of the bridge 
was also found. The average values are compared to their percentage discrepancy  from the average 
axial force in each group of cables (Tgroup). It can be seen that the calculated deviation is negligible, 
e.g. 2–3% the average value Tgroup, for the four cables of group 1, both on the upstream (1U) and 
downstream side (1D). On the contrary, the axial forces in groups 2 and 3 show maximum deviations 
from the corresponding average values, e.g. up to 16% and 11%, for groups 2D and 3U respectively. 
In this context, the marked difference of estimated axial forces in cables belonging to the same groups 
(e.g. 2D and 3U) should be considered as a symptom of potential anomaly of the suspension system of 
the bridge, thus requiring further extended investigations. 
6. CONCLUSIONS 
In the paper, experimental and theoretical results obtained for a cable-stayed bridge have been 
presented and discussed. The correlation between experimental data derived from ambient vibration 
tests and numerical predictions obtained from a preliminary FE model has been firstly proposed. 
Refinement of the geometrical description of the bridge components and boundary conditions, as 
shown, allowed to further improve the correlation between experimental and analytical modes and 
natural frequencies. Final estimation of the axial force values acting on the steel cables has been also 
proposed, based on test measurements derived from dynamic experiments carried out on the bridge 
stays, as well as on the solution of an eigenvalue problem for the same cables. The interpretation of 
dynamic test results highlighted an almost uniform distribution of axial forces in symmetrical group 
of cables, but also significant discrepancies between the axial forces of cables belonging to a same 
group, thus suggesting the presence of potential anomalies and the need of further investigations. 
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